This observational study documented the atmospheric environment of a prescribed fire conducted in a narrow valley when a small fire whirl developed during a mesoscale wind reversal. Based on analysis of in situ meteorological measurements, it is hypothesized that the fire whirl formed due to the presence of strong vertical wind shear caused by the interaction of a sea breeze front with a weaker up-valley wind. Vorticity generated by the interaction of the wind shear and the fire front was estimated to be ∼0.2 s −1 . Peak turbulence kinetic energy was caused by the wind shear rather than the buoyancy generated by the fire front. It was also found that the convective Froude number itself may not be sufficient for fire whirl prediction since it is less relevant to the nearsurface boundary-layer turbulence generated by environmental wind shear. Observations from this case study indicate that even low-intensity prescribed fires can result in the formation of fire whirls due to mesoscale changes in the ambient atmospheric environment.
Introduction
Wildland fire is a physical process that responds to variations in fuels, topography, and weather. The complex interactions between these can occasionally result in extreme fire behavior. Extreme fire behavior defined by National Interagency Fire Center implies a level of fire behavior characteristics that would make a fire difficult to control and involves one or more of the following: high rate of spread, prolific crowning and/or spotting, presence of fire whirls, and a strong convection column. Extreme fire behavior can result in compromised fire fighter safety and increased danger to communities. One of the fascinating phenomena of extreme fire behavior is fire whirls. Forthofer et al. [1] define fire whirls as vertically oriented, rotating columns of air found in or near fires. Fire whirls are often associated with extreme meteorological conditions and fire-atmosphere interactions. Fire whirls can transport fire far beyond the fire front, and they can also spread flames vertically. Graham [2] observed a fire whirl that became violent enough to break off trees at their bases.
Several environmental factors impact the formation of fire whirls including vorticity, atmospheric stability, and topography. Environmental vorticity can be produced in the atmosphere by vertical wind shear forming eddies and rotation of the surface air [3] . Umscheid et al. [4] observed and photographed a large fire whirl that lasted for about 20 minutes and occurred during a slow moving cold front where pre-existing environmental vertical vorticity interacted with a wheat stubble field burn causing the fire whirl development.
Atmospheric instability is a favorable condition for fire whirl development because strong updrafts produced by an unstable atmosphere itself can start fire whirls [3] . However, Byram [5] points out that it is an entirely normal condition for large fires to cause warmer air below cooler air and fire whirls are only present where the atmosphere is in particular unstable conditions and thus, there must be some conditions other than instability by heating to cause their formation.
Fires on steep lee slopes present a favorable situation for fire whirls to develop [1, 3] . Graham [6] observed 28 fire whirls that formed in mountainous terrain and reported that 20 of the fire whirls formed on lee slopes. The ridge acts as an obstruction to airflow, causing mechanically induced eddies on the lee side. The lee side of the slope is an ideal location for the convergence of the upslope flow of hot gases and the cool opposing ambient wind crossing the ridge potentially leading to strong wind shear. An observation of a destructive fire whirl by Pirsko et al. [7] suggests that channeled drainage flows in steep canyons are conductive to turbulent winds. Forthofer et al. [1] also suggested flow channeling in complex terrain as a potential source of vorticity. The topographic effects on the fire whirl formation are often mentioned as a primary cause of fire whirls [6, 8] .
In previous studies, a concentrating mechanism has been suggested as a source of fire whirl formation [1, 3, 9, 10] . Buoyancy generated by the fire acts to converge nearby ambient eddies and vorticity, triggering the fire whirl formation. Tilting and stretching of horizontal vorticity most likely occurs above the flaming front, since hot gasses from the fire generate strong buoyant forcing. Occasionally, fire whirls are observed downstream of fire plumes as depicted by Fric and Roshko [11] . Clark et al. [12] describe the formation of a near-surface convergence zone ahead of the fire line as a result of the hydrostatic pressure gradient caused by the tilted plume and air being drawn into the convection column. The existence of the downwind convergence zone was verified by Clements et al. [13] who measured the weak convergence of winds ahead of the fire front using in situ tower measurements during an intense grass fire that generated a large fire whirl downstream of the fire front [14] . Additionally, Hanley et al. [15] found that the arrival of a sea breeze front during a wildfire resulted in a temporary increase in fire intensity as a result of enhanced convergence and vertical motion which could potentially lead to fire whirl formation.
There appears to be similarity in the conditions in which fire whirls and dust devils form, such as atmospheric instability and low-level wind shear. Smaller fire whirls are also comparable in size to dust devils that typically range from 6 to 60 m in diameter [16] . Bluestein et al. [17] used a Doppler radar to measure the vorticity in a dust devil core. They showed the measured vorticity was similar to that in some tornadoes, but the maximum wind velocity of the dust devils was much weaker. The main difference between fire whirls and dust devils is that fire whirls maintain the rotating column from buoyancy generated by the combustion of the fire, whereas dust devils rely on the intense surface heating from insolation as a source of potential energy.
While fire whirls have been observed during a number of wildland fires, few observational studies have succeeded in measuring both the in situ atmospheric environment and fire behavior simultaneously, thus the understanding of their dynamics is not well understood. In this paper, observations made during the interaction of a valley wind reversal and grass fire are explored to investigate the causes of fire whirl formation. In addition, the convective Froude number, ambient turbulence kinetic energy, and resulting fire behavior are analyzed and compared with previous studies. (Figure 2 ). The burn unit was 0.14 km 2 (35 acres) in size, with fuels dominated by a mixture of grasses including Italian Rye (Lolium Multiflotun), Oat Grass (Avena Barbata), Soft Brome (Bromus Hordeaceus), and Purple Needle Grass (Nassella Pulchra). The soils were dry and fuels were fully cured. The estimated fuel loading was 0.12 kg m −2 (0.5 tons acre −1 ).
Experimental Design

Background Meteorology.
The synoptic conditions on the day of the prescribed burn were warm and dry under the influence of a building high-pressure ridge over the eastern Pacific and a weak thermal trough in place over central California. A shallow layer of stratus confined to Santa Clara Valley below the ridge crests was observed early in the morning, but the stratus did not fill into the Hall's Valley site the previous night due to the topographic blocking. Nearby Remote Automated Weather Station (RAWS) temperature data supports that the cool marine air remained below 500 m MSL as indicated from the surrounding RAWS stations (Figure 3 ). For example, at the elevation of 223 m MSL the Alum Rock site was influenced by the marine layer, while the other nearby RAWS stations at elevations above 500 m MSL remained above the marine inversion overnight (Figure 3 ). The Oakland 12Z sounding (not shown), which is located 60 km north of site, also showed a moist surface layer below 500 m MSL along with weak northeast winds near the surface, indicating that the marine layer was below the ridge height and had not pushed further inland. In order to determine the ambient atmospheric stability and vertical wind profile at the valley site, a rawinsonde sounding was conducted on the valley floor ∼1 km north northwest of the burn unit, at 0800 PDT (Pacific Daylight Time). A shallow inversion layer near the surface to 500 m AGL is evident from the temperature profile (Figure 4(a) ), and north to northeast winds within the layer are likely to be a combination of nocturnal down-valley and downslope winds (Figure 4(b) ). Very stable atmospheric conditions and a clear sky were evident throughout the lower troposphere as indicated by the sounding. The sounding, however, does not represent the atmospheric environment during the ignition since the valley inversion broke before ignition.
Instrumentation.
The objective of the experiment was to capture and characterize fire-atmosphere interactions during a grass fire using high-frequency measurements. In order to capture the micrometeorology of the passing fire front, a 6.7 m guyed, steel tower was deployed near the center of the burn unit and the fire front was allowed to burn directly beneath it (Figure 2 ). Fuels were removed 1.5 m from around the base of the tower in order to protect it from direct flame. The tower was equipped with a 3D sonic anemometer (Applied Technologies, Inc., Sx-probe) mounted to the tower at 6 m AGL, four type-T thermocouples (Omega, Inc. 5SC-TT-40) mounted at 0.15, 2, 2.7, and 3.5 m AGL, and a temperature and humidity sensor (Vaisala Inc. HMP45C) mounted at 2.5 m AGL. The sonic anemometer was sampled at 10 Hz, while the thermocouples and temperature and humidity probe were sampled at 1 Hz. Additionally, total heat flux emitted from the fire front was measured with a Schmidt-Boelter heat flux sensor (Hukseflux, SBG01) that was attached to a cross arm mounted on the tower at 5 m AGL and extending 1.5 m away from the tower horizontally. The sensor transducer was pointed down at a 45
• angle and outward towards the approaching fire front. The SBG01 was sampled at 10 Hz. In order to determine the time the plume impinged on the tower and instrumentation, the concentration of CO 2 in the smoke was sampled using a Vaisala Inc. GMP343 NDIR probe sampled at 1 Hz. All tower data were recorded using a Campbell Scientific, Inc. (CSI) CR3000 datalogger mounted near the base of the tower housed in an environmental enclosure. Additionally, the datalogger and the base of the tower were protected from the intense heat generated by the fire using fireproof insulation wrapped around the lowest 2 m of the tower.
To document the atmospheric conditions occurring outside of the burn unit, a portable weather station was located downwind and approximately 150 m away from the southeast corner of the burn unit ( Figure 2 ). A 3 m tripod was outfitted with a temperature and humidity probe (CSI, CS215), barometer (Vaisala Inc., PTB110), and a prop-vane anemometer (R. M. Young, 5103), all sampled at 1 Hz and stored as 1-minute averages using a CSI CR1000 datalogger. There was 2-3 m tall brush surrounding the site, making the downwind weather station site slightly less exposed to the ambient wind than the interior tower site.
Fire behavior including spread rate and evolution of the fire front was documented using a digital SLR camera (Canon, Inc. 40D) with a 1 Hz time lapse function. The camera clock was synchronized to the datalogger clocks so that the time lapse photography could be compared to the time series data for analysis. 
Burn Operations and Fireline Evolution.
The goal of the prescribed fire was the eradication of invasive grass species; however, the site was populated with native oak species requiring low-intensity backing fires (fire moving opposite the wind direction) to be used in order to limit scorching of the oaks. The experimental plan was to take advantage of the burn operations and measure fire-atmosphere interactions during the grass fire. One specific goal was to determine the role of fine-scale fire-atmosphere interactions on fire behavior during the passage of a head fire (fire that propagates with the ambient wind) which required the burn crew to ignite a single line, head fire upwind of the instrument tower.
During the initial back burning, the wind was from the southeast, as an up-valley wind ( Figure 5 ), so the back burning began on the northern edge of the burn plot ( Figure 2 , T 1 , T 2 ). Once the back burning was completed, the burn crew began walking around the instrument tower to start a line ignition 100 m upwind (to the south) of the tower that would spread with the southerly wind and pass through the tower as a head fire. At this point (12:43 PDT), a 180
• wind shift occurred at the surface and the initial backing fire began to run as a head fire towards the tower ( Figure 2 , T 3 ). It was at this time that a fire whirl formed.
Evolution of Wind Reversal.
The time series of 5-minute average wind speed and direction from the interior tower ( Figure 5 ) shows that weak (<3 ms −1 ) south and southeasterly winds prevailed in the valley and were the daytime up-valley winds that typically occur in mountain valleys [18, 19] . By 12:45 PDT, the up-valley winds were replaced by a break-in of moderate (2.0 to 4.5 ms −1 ) north to northwesterly flows associated with the sea breeze surge.
The evolution of the surface environment as the sea breeze arrived, as well as the timing of the fire whirl formation and dissipation, is shown in Figure 5 . Prior to the fire whirl formation (12:42 PDT), a southerly component of the wind (135
• -225 • ) was observed at the tower location. The sea breeze arrival is indicated by the shift in wind direction and the increase in relative humidity at 12:43 PDT. It is interesting to point out that the first sign of the northnorthwest winds that dominate the valley afterward are apparent as the fire whirl dissipates, as if the intensifying northerly winds act as the cutoff source of the fire whirl. The in situ measured data reveals that a much more complicated flow pattern occurred in front of the fire line during the transition period. This will be discussed further in the following sections. rotating fire whirl formed at one end of the flaming front where the most intense flame was present at that moment. Countryman [3] had previously noted that fire whirls form near the more intense region of the fire front. Figure 6 shows a time series of photos taken during the entire evolution of the fire whirl from its initial formation to dissipation. A ∼1 m wide, vertically rotating column of flame appeared within the fire front at 12:43:10 PDT (Figure 6(a) ). We inferred from the sequence of the time lapse photos between Figures 6(a) and 6(b) (not shown) that the vorticity was already present within the flame by this time. The rotating column kept drawing the flame along the fire line into the base of the column (Figure 6(b) ), while the flame height at this time reached ∼4 m AGL within the rotating column ( Figure 6(c) ) before the flame disappeared altogether from the base of the fire whirl. This may have occurred because the near-surface flow converged parallel to the fire front and toward the base of the fire whirl (documented in the sequence of the photos as well as in video), limiting the ignition of the unburned fuel ahead of the fire front and the forward spread of the fire. Therefore, the flame was no longer supplied to the base of the fire whirl. Although the rotating column of smoke initially appeared within the fire line, the fully formed fire whirl was observed to move backward into the black area behind the fire front (Figure 6(d) ). The fire whirl was still intensifying over the freshly burnt area (Figure 6 (Figure 8(b) ) shows a positive velocity peak at 12:43:38 PDT, followed by negative vertical velocity lasting until 12:44:00 PDT. It is interesting to note that the timing of the downward motion observed at the tower occurred at the time the fire whirl dissipated. Since the tower was located 35 m away from the fire whirl, it cannot be assumed that the observed vertical velocity field is related to the evolution of the fire whirl. The horizontal wind speed also dropped to 0.4 m s −1 at this time ( Figure 9 (a)) indicating a transition period from one wind regime to another and a brief period of convergence. It was also observed that the fire whirl dissipated from its base (Figures 6(g) and 7 ), while the rotation and smoke column was still present aloft ( Figure 7) . After the fire whirl dissipated at 12:44:00 PDT (Figure 6(h) ), northerly flow observed at the tower started intensifying in velocity (Figures 9(a) and 9(b) ), indicating the full onset of the sea breeze penetrating through the valley. It was observed that the intensified flow began driving the flaming front towards the tower as a head fire with a faster rate of spread. Time lapse photography indicated a forward-tilting flame front and smoke plume approaching the tower. Flame height increased as well with increasing ambient wind speed as compared with the flame height during the up-valley wind event. This dramatic change in fire behavior occurred over a period of only 2 minutes.
Results and Discussion
Evolution of the Observed Vorticity.
The winds observed at the tower reveal a rather complex turbulence structure because of the presence of both the fire front and the interaction of the two opposing winds. Therefore, it only allows us to hypothesize what caused the vorticity formation in the valley. Over flat terrain, the leading edge of the sea breeze front, being a colder and more dense flow is generally forced upwards and backwards from the front by the opposing wind, creating Kelvin-Helmholtz billows along its interface with the opposing ambient wind [20, 21] . The vertical shear associated with opposing flows can produce the so-called hyperbolic wind profile [12] at low levels leading to the development of horizontal vorticity aligned perpendicular to the wind direction. When this type of wind shear interacts with a fire line, a pair of near-surface vortices may develop in front of the fire line and eventually touch down in the fire due to advection as described by Jenkins et al. [22] . The rotating vortices are caused by the tilting of the horizontal vorticity into the vertical by the updrafts associated with the fire front. Their simulations also show that a constant ambient wind profile can produce vortices but well in front of the fire line. The close proximity of the vortices to the fire line may play a critical role in the development of the fire whirl such as in this case study, especially when fire is wind-driven and the surface wind drives the vortices well ahead of the fire line further downwind. In contrast, a moderate ambient wind decreasing slowly with height with weak vertical shear does not promote the extreme fire behavior as demonstrated by Jenkins et al. [23] .
Further analysis of the time-lapse photography shows that the rotating column of the fire whirl, initially formed at the fire line, moved behind the fire line, which can be explained by either the advection of vorticity by the upvalley flow or from the development of a pressure perturbation/gradient that formed between the burnt area behind the fire front and the cooler air over the un-burnt area ahead of the fire front [12] . In the photographs of Although the single-point-in-space tower measurements in this experiment do not directly provide enough parameters necessary to calculate the horizontal vorticity that is hypothesized to have formed at the fire line, it is possible to estimate the vorticity under several assumptions. The twodimensional relative vorticity field ζ described by Heilman [24] is defined as
where w is the vertical velocity and v is the along-valley wind (sea breeze and up-valley wind) component that is perpendicular to the fire line. The instantaneous wind velocity components are shown between 12:40 and 12:46 PDT in Figure 8 . We determined ∂w/∂y from (1) by comparing the vertical velocity measured directly at the fire front and well before the fire front passage (FFP) occurred with an estimated distance of 10 m (between the fire front and the tower). The FFP is defined by Clements et al. [14] as a maximum in the heat flux measured at the tower. It is the point where the fire front is closest to the tower as measured by the heat flux radiometers and peak in sensible heat flux from the sonic anemometers. The maximum observed vertical velocity associated with the fire front (Figure 8(b) ) was ∼2.8 ms −1 , while the ambient vertical velocity measured was ∼0.6 ms −1 resulting in an estimate for ∂w/∂y of ∼ 0.22 s −1 . To determine ∂v/∂z, we estimate the depth of the sea breeze front to be ∼200 m following observations by Simpson [20] . We determined the change in v using the observed averaged along-valley wind velocities (Figure 8(a) ). The up-valley wind of 1.1 ms −1 prior to the wind shift at 12:43 PDT and the sea breeze velocity of −3.4 ms −1 after the wind shift provide an estimated value of ∂v/∂z of 2.0 × 10 −2 s −1 which agrees with the observed magnitude of the horizontal vorticity along a typical sea breeze front [25] . Therefore, the estimated ζ with the given assumptions in this case is approximately 0.2 s −1 which compares very well with the modeled vorticity (∼0.2-0.3 s −1 ) of Jenkins et al. [23] . This is most likely because the numerical setup has several similarities with this field experiment such as grass fuels and the presence of environmental vertical wind shear. One major difference between the simulations and our experiment is that the simulation was made without a density current representing the sea breeze.
Based on the tower measurements, the sea breeze arrival is clearly evident by 12:43 PDT when the wind direction shifted to north and northeast (Figure 9(b) ) and the relative humidity (RH) sharply increased 5% over a 1 min period (Figure 9(c) ). Meteorological conditions were also measured at the downwind site (Figure 2 ) on the portable RAWS station. Surface pressure at this site dropped ∼0.2 mb at 12:38 PDT and recovered by 12:48 PDT (Figure 9(d) ). We speculate that the drop in pressure occurred not only at the RAWS site, but in the whole lower valley and is due to the development of a convergence zone that formed ahead of the sea breeze front as it entered the valley and interacted with the opposing valley wind [20] . At the same time the pressure recovery occurs, the wind direction shifted to a more northerly direction that we interpret as the dominant sea breeze direction in the valley. In addition, RH increased further, which indicates that the sea breeze front pushed further into the valley.
The transition between two wind regimes can lead to hazardous conditions for fire fighters due to the generation of unpredictable fire behavior. As observed in this case, the fire whirl appeared approximately 10 m away from the fire fighters ( Figure 6 ) and only 10 s after the wind reversal occurred. The video and time-lapse photos also showed fire fighters running away from the fire whirl indicating their sense of urgency and safety during this event. Although the period of interaction between the sea breeze front and the fire may be relatively short, the impact on fire behavior may be significant [15, 21] . Jenkins et al. [23] point out that a background low-level vertical shear generated by a wind reversal with height is capable of generating extreme grassfire behavior and fire spread. Furthermore, a fire whirl event was observed in a canyon of the Santa Ana Mountains by Schroeder [26] who emphasized the potential for extreme fire behavior during a transition period between two wind regimes. Countryman [27] found that certain geographic locations such as the lee side of ridge tops are favorable for two opposing currents to meet, and thus major fire whirl activity tends to occur frequently in these locations. Mountain valleys are a favorable location for the interaction of two wind regimes that differ in temperature and direction such as the wind reversal of valley winds [18] . It is likely that in this case, the narrow Hall's Valley sets up an ideal environment for the interaction of the sea breeze and upvalley winds in the afternoon, as the elevated topography of the Diablo Range retarded the onset of the sea breeze preventing its penetration over the terrain until the up-valley flow was well established.
Turbulence Characteristics.
This section investigates the near-surface turbulence structure measured during the sea breeze break-in, the period associated with the fire whirl development, and the period the FFP occurred. One variable often used to quantify atmospheric turbulence is the turbulence kinetic energy (TKE). TKE is defined as the kinetic energy per unit mass associated with the amount of ambient wind shear present within an atmospheric layer [28] . Following Stull [29] , the TKE is found by the sum of the velocity variances u, v, and w
The variance of each wind velocity component is calculated from the processed 10 Hz sonic anemometer data which have been high-pass filtered to remove any spikes. Additionally, the time series of the velocity components has been tiltcorrected [30] in order to rotate the components into the mean flow and remove any bias of the anemometer mounting not being precisely level during deployment. The turbulent components of the variables, u , v , w , and T s are calculated by removing the mean from the instantaneous data. We have selected an averaging period of 10 min to calculate the perturbations, while the averaging period chosen for the variance and TKE was 30 s which allowed the turbulent fluxes associated with the FFP and fire whirl to be isolated. Another key turbulent statistic is the sensible heat flux, h s = ρc p w T s , where the term w T s is the covariance between the vertical velocity perturbation and sonic temperature perturbation, ρ is the density of air, and c p is the heat capacity of air at constant pressure. The sensible heat flux was averaged over 1 min and allows us to also determine the timing of smoke plume and FFP at the tower. Figure 10 shows a time series of the TKE and sensible heat flux (Figure 10(a) ) and the individual velocity variances (Figures 10(b)-10(d) ). Although there is no increase in TKE between 12:43 and 12:44 PDT when the fire whirl was observed, a large increase in TKE is clearly evident prior to 12:43 PDT in Figure 10 not detected by the humidity sensor due to the mixing of the air between the two flows. The second and third TKE peaks (5.0 and 4.5 m 2 s −2 ) that occur at 12:45 and 12:47 PDT, respectively, are the turbulence associated with the FFP. Although the wind flow around the flaming area is known to be highly turbulent [14] , observations indicate that the greatest TKE measured was caused by wind shear associated with the sea breeze arrival and is two times greater in magnitude than the TKE generated by the passing fire front. The FFP is indicated by the maximum in sensible heat flux (∼12.5 kW m −2 ) that occurred at 12:45 PDT. The source of the turbulence kinetic energy generation is determined by diagnosing the velocity variances separately.
The large increase in TKE between 12:40 to 12:43 PDT was dominated by v 2 which was nearly 20 m 2 s −2 ( Figure 10(c) ), while both u 2 and w 2 remained below 10 m 2 s −2 . Since the v variance represents north-south component of the turbulence intensity, it is most likely that the observed turbulence was caused by the wind shear generated between the southerly up-valley flow and northerly sea breeze. We also believe this shear to be responsible for setting up the horizontally rotating column of the air ahead of fire front creating the observed vorticity and resulting fire whirl. The observed increase in w 2 at 12:45:00 (Figure 10(d) ) corresponds to the maximum in sensible heat flux. The second peak in w 2 (at 12:49:30 PDT) suggests an impact from smoldering after the FFP occurred. The maximum w variance of 1.5 m 2 s −2 was much lower than the v component suggesting that wind shear played a larger role on the local turbulence than the sensible heat flux generated by the fire front. Comparing these results with other grass fire experiments (e.g., FireFlux, [14] ) indicates that the values observed during this experiment are much lower than those reported by Clements et al. [14] who measured peak w variances > 5 m 2 s −2 . This can be attributed to the fact that the heat flux observed during FireFlux was twice as large as observed in the present study.
The reason for this can be simply due to a higher observed fuel loading measured during FireFlux [13] .
Fire Intensity.
In previous studies, the fire intensity has been used primarily to determine resulting fire behavior. However, in order to determine the role the fire had on the development of the fire whirl, the heat release or fire intensity must be quantified. Byram [5] and Graham [6] associated fire whirl occurrence with large fire events or high intensity fires. Model simulations by Heilman and Fast [31] also showed that the roll vortices become more vigorous with increased surface temperature. Although the tower was ∼35 m away from the fire front when the fire whirl occurred, we estimate the amount of heat supplied at the fire front to tilt the horizontally rotating column by assuming the heat flux measured at the tower at 12:46:30 PDT is nearly the same during the fire whirl formation (12:43:10 PDT). A time series of the 1 Hz total heat flux (Hukseflux, SBG01 sensor) presented in Figure 11 (Figure 10(a) ). We assume that the total heat flux present during the fire whirl formation is close to that measured at the tower given the uniform fuel type and flame lengths observed with the time-lapse camera. The total heat flux measured during the FFP of this particular grass fire was much lower compared to the radiant heat flux of 290 kW m −2 measured during a crown fire [32] and lower than the maximum total heat flux of 112 kW m −2 during a shrubland fire [33] . Fire intensity during prescribed burns is usually much lower for ecological management purposes (see Section 2.4). Nonetheless, a small-scale fire whirl formed very close to the fire fighters as seen in the photos in Figure 6 . Although no fire fighters were injured during the event due to their safe distance from the fire whirl, it should be emphasized that the potential for unpredictable fire whirl formation during low-intensity, controlled burns exists.
Near-flame plume temperatures were measured using the thermocouple array as the fire front passed the tower. Unlike the radiative heat flux that is measured from the flaming front, the observed plume temperatures (Figure 11(b) ) can be used to directly quantify the plume heating rates [34] and timing of the FFP. An observed increase in the temperature at 3.5 m AGL between 12:44 and 12:46 PDT was caused by the tilted smoke plume ahead of the fire front impinging on the tower. The two lower thermocouples indicated smaller temperature increases of 150
• C and 120
• C at 0.15 m and 1.9 m, respectively, which are caused by the near-surface advection from the approaching flaming front. The observed temperature increase due to the plume is much lower than those observed by Clements [34] during the FireFlux experiment.
Assessment of Convective Froude
Number. In order to determine the role fire intensity has on resulting fire behavior and the resulting atmospheric circulations, the convective Froude number is analyzed. The convective Froude number, F c , is a measure of the ratio of the kinetic energy of the air over the fire to the sensible heat flux provided by the fire [12, 35] . The F c is useful as a controlling parameter to determine the type and level of fire-atmosphere coupling. For instance, Clark et al. [12] hypothesized that a small F 2 c that is indicative of strong coupling between the air and fire may be a necessary condition for a blowup fire [5] to occur. The F c is a nondimensional number given by
where U and S f represent the wind speed and rate of spread, respectively, W f is the fire line width, θ is temperature, Δθ/θ the convective buoyancy, and g acceleration due to gravity.
The bracketed temperatures are the average for the period during the FFP.
The tower data and time-lapse photography allow an estimate of the variables necessary to calculate F c . Prior to 12:42 PDT, when the up-valley wind was observed and the fire front was spreading against the wind, F c was calculated using an average up-valley wind speed U f of 2.2 ms −1 between 12:39 and 12:40 PDT, a forward fire spread rate S f of 0.5 ms −1 , and the depth of the flaming fire front W f of 4 m. Both S f and W f were estimated using the 6.7 m tower in the time lapse photos as a reference length and scaling the distances of the fire front spread over time and the depth of the flame in the photos. For instance, we used two photos to estimate that the fire front spread 6 m in 12 s from 12:40 PDT. The flame depth was estimated from a photo taken at 12:39:28 PDT (not shown). The measured thermocouple temperature profile (Figure 11(b) ) provides the mean temperature anomaly, Δθ, over the fire front. A mean air temperature of the area is obtained from the average sonic temperature. All the variables used to calculate F c are listed in Table 1 .
The results show that prior to 12:42 PDT, when upvalley winds were present, F c < 1 indicating that buoyancy is the dominant mechanism and both the atmosphere and fire were essentially coupled. When the ambient wind speed increased to 4.1 ms −1 due to the sea breeze arrival, F c became greater than one (Table 1 ). It appears F c is less relevant to the low-level environmental shear generated by the interaction of topography and mesoscale flow and therefore, the use of F c itself may not be suitable for predicting the fire whirl potential in this particular case. Sullivan [36] recently re-examined F c and concluded that it is not reflected in observed fire behavior, and our result is consistent with Sullivan's [36] findings on limited usefulness of the convective Froude number for the assessment of the fire whirl potential. The large increase in TKE observed during the valley wind reversal in this study suggests that such a variable may be either used independently or could potentially be combined with F c as a supplemental parameter to assess whether a fire whirl is more likely. Heilman and Bian [28] showed that the product of the Haines Index (HI) and nearsurface TKE (HI × TKE) is a useful parameter to indicate whether atmospheric conditions are highly conductive to large fire development.
Summary and Conclusions
This paper presents observations made of the evolution of a small fire whirl that formed during a prescribed grass fire conducted in a narrow mountain valley. The meteorological conditions and heat release measured at a tower located in the vicinity of the fire were analyzed in an attempt to determine what caused the observed fire whirl to form. Key findings from this study include the following.
(i) The fire whirl occurred with the arrival of the sea breeze front in a narrow valley that was initially dominated by a daytime up-valley flow. The two opposing ambient flows produced low-level, vertical wind shear. We hypothesize that the fire whirl was caused by the interaction of the wind shear with the fire front. The fire whirl formed at the fire front and was advected behind the fire front during its evolution. The advection of the vorticity was caused by either the up-valley wind or by the formation of a pressure perturbation across the fire line.
(ii) Estimated vorticity generated by the interaction of the wind shear and the fire front was ∼0.2 s −1 which falls in range of magnitude simulated by Jenkins et al. [22] during an ideal grass fire.
(iii) The turbulence kinetic energy of the ambient wind shear (∼10.4 m 2 s −2 ), generated by the wind reversal, was two times greater in magnitude than turbulence generated by the buoyancy induced by the fire front. Therefore, ambient wind shear is most likely the dominant mechanism for fire whirl development in this case.
(iv) The sensible and total heat flux measured during the fire front passage showed that the fire whirl formed during a low intensity (∼12 kW m −2 ), controlled grass fire.
(v) The convective Froude number, F c , was <1 when upvalley winds were present in the valley. During this time the fire was backing into the wind, buoyancy was driving the fire behavior, and the flow and fire were coupled with each other. As the wind speed increased due to the sea breeze surge, F c became >1, which is a sign of the decreased level of the coupling. However, the convective Froude number itself may not be sufficient for fire whirl prediction because it does not take account for the near-surface turbulence generated by environmental wind shear.
(vi) For fire management, a sudden reversal in mesoscale winds or even a diurnal, valley wind shift should be carefully monitored since the presence of two opposing flows is a favorable condition for the development of fire whirls. Although the wind shift may be brief and localized, the potential for extreme fire behavior may be high and thus should always be considered a watch out situation.
The importance of the sudden wind shift and nearsurface TKE is therefore emphasized in terms of the potential for fire whirl development. Similar scenarios of wind reversals are possible in complex terrain where the valley winds transition from nocturnal drainage flows to daytime up-valley winds that can coincide with wildland fire. Additionally, further development of surface wind prediction in complex terrain [37] may become beneficial not only for fire spread forecasting over complex terrain but also for specifying locations prone to valley-flow convergence that can cause sudden wind shifts. The interaction of wildfires with valley-scale meteorology is not well understood and remains a topic to be investigated with both observational studies and coupled fire-atmosphere modeling systems.
